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ABSTRACT
Spatial association of clumps from different tracers turns out to be a valuable tool
to determine the physical properties of molecular clouds. It provides a reliable esti-
mate for the X-factors, serves to trace the density of clumps seen in column densities
only and allows to measure the velocity dispersion of clumps identified in dust emis-
sion. We study the spatial association between clump populations, extracted by use
of the Gaussclumps technique from 12CO (1 − 0), 13CO(1 − 0) line maps and Her-
schel dust-emission maps of the star-forming region Rosette, and analyse their physical
properties. All CO clumps that overlap with another CO or dust counterpart are found
to be gravitationally bound and located in the massive star-forming filaments of the
molecular cloud. They obey a single mass-size relationMcl ∝ R
γ
cl
with γ ≃ 3 (implying
constant mean density) and display virtually no velocity-size relation. We interpret
their population as low-density structures formed through compression by converging
flows and still not evolved under the influence of self-gravity. The high-mass parts
of their clump mass functions are fitted by a power law dNcl/d logMcl ∝ M
Γ
cl
and
display a nearly Salpeter slope Γ ∼ −1.3. On the other hand, clumps extracted from
the dust-emission map exhibit a shallower mass-size relation with γ = 2.5 and mass
functions with very steep slopes Γ ∼ −2.3 even if associated with CO clumps. They
trace density peaks of the associated CO clumps at scales of a few tenths of pc where
no single density scaling law should be expected.
Key words: ISM: clouds - ISM: individual objects: Rosette - Physical data and
processes: turbulence - radio lines: ISM - submillimetre: general
1 INTRODUCTION
Observations of star-forming (SF) regions reveal the com-
plex structure of the associated molecular clouds (MCs).
The latter have been originally resolved into clumps of sub-
parsec size. Recent high-resolution observations (e.g. with
Herschel) show that the dense gas in MCs is predominantly
concentrated in filamentary networks which probably play
a central role in the star-formation process through fur-
ther subfragmentation into dense prestellar cores with sizes
below 0.1 pc and densities up to 106 cm−3(Andre´ et al.
2014). A number of clump extraction techniques have been
developed in the last three decades. They have been ap-
plied initially to molecular-line emission and dust-extinction
maps and, later, to dust-emission maps which enabled in-
depth studies of numerous SF regions in the Solar neigh-
bourhood. As a major result, the obtained velocity-size and
mass-size relationship for MC fragments and clumps empha-
sise the role of turbulence and gravity in the cloud evolu-
tion and their interplay (Larson 1981; Solomon et al. 1987;
Heyer & Brunt 2004; Heyer et al. 2009). Virial analysis of
clump populations hinted at possible mechanisms of clump
formation (e.g. Myers & Goodman 1988; Bertoldi & McKee
1992; Dib et al. 2007). It also turned out that mass func-
tions of dense clumps resemble the stellar initial mass func-
tion (Alves, Lombardi & Lada 2007; Andre´ et al. 2010; see,
however, Clark, Klessen & Bonnell 2007). An open issue re-
mains whether the extracted clumps represent real, distinct
physical entities.
Clump-finding algorithms have been put to test with
the advance of numerical simulations of MC evolution.
Ballesteros-Paredes & MacLow (2002) and Shetty et al.
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(2010) investigated the role of projection effects on
the clump properties and their virial analysis, while
Beaumont et al. (2013) estimated the uncertainties of the
derived characteristics of 13CO clumps. An important clue
to link clump properties with the physics of star forma-
tion is provided through the derivation of a clump mass
function (Stutzki & Gu¨sten 1990; Williams, Blitz & Stark
1995; Kramer et al. 1998; Heithausen et al. 1998) and
the interpretation of its parameters like slope and
characteristic mass (e.g. Alves, Lombardi & Lada 2007;
Veltchev, Donkov & Klessen 2013). Clump properties de-
pend essentially on how the entire population is con-
sidered: as a set of independent entities or as a hier-
archy in the position-position-position (PPP) / position-
position-velocity (PPV) space. A widely used tech-
nique for non-hierarchical clump extraction is Clumpfind
(Williams, de Geus & Blitz 1994). It is based on eye inspec-
tion and identifies each peak on the intensity map with a
clump. Recently Men’shchikov et al. (2012) proposed an-
other non-hierarchical algorithm getsources which aims
at 2D image decomposition in continuum maps at multiple
scales and wavelengths and is appropriate for detection of
clumps in crowded regions.
On the other hand, defining clumps as hierar-
chical objects reflects the fractal structure of MCs
(Elmegreen & Falgarone 1996; Elmegreen 2002). This allows
to link their properties to the general physics of SF regions
as described by the above-mentioned scaling relations of
mass and velocity. One hierarchical method for clump de-
lineation is the Dendrogram technique (Rosolowsky et al.
2008) which traces the segmentation of cloud structures as
one increases the threshold intensity.
Yet projection effects can be misleading in stud-
ies of cloud hierarchy. One can reduce them by
the use of the clump-extraction technique Gauss-
clumps (Stutzki & Gu¨sten 1990; Kramer et al. 1998). It al-
lows for a distinction of multiple coherent structures along
the same line of sight by decomposing any structure into
PPV or PPP Gaussian clumps which may overlap on the
sky maps. For all smaller clumps in the resulting clump
hierarchy the method derives significantly different proper-
ties from those that Clumpfind does (Schneider & Brooks
2004). By allowing for the superposition of nested Gaus-
sian clumps to form a large structure Gaussclumps also
enables the retrieval of the hierarchical structure of a MC.
Therefore, the approach of Gaussclumps is neither purely
hierarchical, like the Dendrogram technique, nor purely
non-hierarchical, like Clumpfind, but inherits advantages
of both approaches. It characterises confined entities, but it
also allows for the detection and analysis of nested struc-
tures from a single or multiple tracer(s). Our main goal in
this work is to show what could be learned from spatial asso-
ciation of rich clump samples obtained via Gaussclumps on
molecular-line (12CO, 13CO) and dust-emission maps.
The Rosette star-forming region is appropriate for this
purpose – it has been intensively investigated in the last
decades and mapped at different wavelengths with high
angular resolution. Clumpy structures in the MC com-
plex have been studied using various algorithms and trac-
ers (Williams, Blitz & Stark 1995; Schneider et al. 1998;
Dent et al. 2009; Di Francesco et al. 2010). The statistical
analysis of the highly filamentary structure of the complex
and of the location of young stellar objects provides insight
to the nature of the star-formation efficiency in individual
clumps and it showed that the star formation in the cloud
is not driven by radiative feedback (Schneider et al. 2012).
The paper is organised as follows. First, the used ob-
servational data are presented (Section 2). Section 3 reviews
the algorithm and the calculation of clump sizes and masses.
The adopted criterion for spatial association of clump popu-
lations and their statistics in Rosette is described in Section
4. Section 5 contains results from the performed physical
analysis of the clump samples: size distributions and the re-
lationships size vs. mass and mass vs. virial parameter. The
clump mass functions are derived and studied in Section 6.
Some problems and uncertainties are discussed in Section 7.
A summary of this work is given in Section 8.
2 OBSERVATIONAL DATA ON ROSETTE MC
2.1 Selected region
In this study, we consider the Rosette molecular cloud (here-
after, RMC) with filamentary structures connected to it
and traced on Herschel column-density maps (Motte et al.
2010; Hennemann et al. 2010; Di Francesco et al. 2010;
Schneider et al. 2010, 2012), excluding the zone of direct
interaction between the molecular cloud and the expand-
ing H ii region around NGC2244, the so called ‘Monoceros
Ridge’ (Blitz & Thaddeus 1980) (Fig. 1). The physical prop-
erties of the clump/core population in the Monoceros Ridge
can be significantly influenced by the effects of stellar feed-
back such as gas compression by the expanding ionisa-
tion front or heating by the radiation from the OB clus-
ter NGC2244. Motte et al. (2010) detected more massive
dense cores forming in this zone while Schneider et al. (2012)
and Cambre´sy et al. (2013) showed that there is no indica-
tion for large-scale triggering of star-formation further inside
Rosette cloud.
Thus the region studied in this paper is restricted to
zones where the star formation activity is probably not
caused by direct external gas compression. A distance of
1330 pc to the region was adopted (Lombardi, Alves & Lada
2011) though distances up to 1.6 kpc were also used in the
literature (see Roma´n-Zu´n˜iga & Lada 2008). The choice of
distance value does not affect the analysis of scaling rela-
tions, the virial analysis and the derivation of the slopes of
clump mass functions provided in the next sections.
2.2 Molecular-line and dust emission maps
We use maps of the Rosette star-forming region in
12CO (J = 1 − 0) (hereafter, 12CO) and 13CO (J =
1 − 0) (hereafter, 13CO) emission taken with the 14m
telescope of Five College Radio Astronomy Observatory
(FCRAO). These data sets were presented and discussed
by Heyer, Williams & Brunt (2006). The beam FWHM of
the CO data is ∼46′′, the spectral resolutions are 0.127 km
s−1 (12CO) and 0.133 km s−1 (13CO). All temperatures are
given on the main beam brightness temperature scale.
The original maps of dust emission were obtained from
Herschel observations at four wavelengths of PACS and
SPIRE: 160, 250, 350 and 500 µm (see Schneider et al. 2010,
MNRAS 000, 1–16 (2017)
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2012, for details). The maps were optimised for extended
emission1 through the standard reduction methods in the
HIPE pipeline and its scripts. For example, gains for ex-
tended emission are applied as applyExtendedEmissionGain
was set to TRUE in the HIPE SPIRE pipeline. In addition,
the Planck offsets for a zero-point correction were applied.
The maps were convolved to a common angular resolution
of 36′′.
Contribution of the fore- or background in Rosette is
not as significant as it is in other star-forming regions lo-
cated close to or deep in the Galactic plane. Rosette is rather
isolated which is also well reflected in velocity – only velocity
structures in this region are detectable along the line of sight.
In our view, possible overestimations of column density and,
hence, of mass due to presence of fore- or background struc-
tures could hardly reach more than a few percent (in individ-
ual small subregions). Therefore we abstained from applying
any fore- or background corrections to the Herschel maps.
The major uncertainty of masses should be due to projection
effects within the RMC, as specified in Sect. 5.1.
In a next step, a pixel-to-pixel grey-body fit to the data
was performed, assuming that dust opacity per gas mass
follows a power-law in the far infrared:
κν = 0.1
(
ν
1000 GHz
)b
cm2
g
, (1)
with b ≡ 2 and leaving dust temperature and column den-
sity as free parameters. We assume here for dust emissivity
the value for dense clouds used, e.g., by Hill et al. (2011),
Russeil et al. (2013), Roy et al. (2013). It corresponds to
a dust opacity of 2.3 × 10−25cm2/H at ν = 1 THz (λ =
300 µm), when a mean mass µH,Gal = 1.37mu per hydrogen
(with mu as the atomic mass unit) is adopted. The various
dust models from Ossenkopf & Henning (1994) cover opac-
ities between 1.0×10−25cm2/H and 3.0×10−25cm2/H when
assuming a gas-to-dust ratio of 100. The lower limit rather
represents non-coagulated dust in diffuse clouds so that it
is probably not representative for Rosette. For Planck cold
cores Juvela et al. (2015) estimated 1.5×10−25cm2/H when
converted to 300 µm. Taking this range, we estimate that
the dust emissivity has an accuracy of 30 − 50%. We also
tested fits using lower exponents for the dust spectral index
1.5 6 β < 2, but found that the uncertainty in the result-
ing column density is smaller than the one governed by the
absolute emissivity. Thus we estimate that the dust-based
column-density map of Rosette has an accuracy of about
50%, limited mainly by the uncertainty of the dust emissiv-
ity in the cloud and, to a lower degree, by the uncertainty
in the SED-fitting procedure (constant line-of-sight temper-
ature approximation).
3 CLUMP EXTRACTION AND
CHARACTERISTICS
In this Section we comment on the adopted settings of the
chosen clump-extraction technique and on the calculation
of sizes and masses of clumps from molecular-line and dust
emission maps.
1 In contrast to optimized maps for point sources.
3.1 Overview of the algorithm
The algorithm Gaussclumps was originally developed for
the iterative decomposition of three-dimensional intensity
distributions into individual clumps assuming a Gaussian
shape (Stutzki & Gu¨sten 1990). However, it can be also ap-
plied to dust continuum maps (e.g. Motte, Schilke & Lis
2003). Gaussclumps is implemented in two widely used
software packages: Gildas2 and Cupid3. We used the
Gildas implementation for clump extraction on the
12CO and 13CO emission maps and the Cupid implementa-
tion for the Herschel data.
In both cases the choice of Gaussclumps control pa-
rameters is important. In general, when the three “stiffness”
parameters are large (sa = sb = sc = 50), part of the noise
peaks will be interpreted as clumps while adoption of very
low values (sa = sb = sc = 0.01) excludes a significant frac-
tion of the emission above the Gaussian noise from the clump
composition procedure. We set sa = sb = sc = 1.0 following
Kramer et al. (1998)4. The threshold below which the algo-
rithm stops iterating is usually taken to be several times
the data rms (Curtis & Richer 2010; Pekruhl et al. 2013;
Csengeri et al. 2014). We adopt a stringent threshold of 5
times the noise level for the input 12CO and 13CO maps.
Dealing with the Herschel map, several test runs with dif-
ferent thresholds were made. A standard significance thresh-
old of 3 times the noise level yielded clumps with sizes
0.08 pc 6 Rcl 6 0.47 pc and masses Mcl between 2 and
268 M⊙, whereas the mass range Mcl . 10 M⊙ was
severely underpopulated5. To increase the statistics of dense
dust cores and the number of corresponding associations, we
lowered the threshold stepwise. The best test value turned
out to be 1.5σ: the minimal Rcl shifted downwards just by
0.02 pc, while many objects with characteristics of dense
cores (0.1 . Rcl/1 pc . 0.3, Mcl 6 10 M⊙) appeared.
Thus the total number of dust clumps increased by a fac-
tor of 2.5, while the number of associations (as defined in
Sect. 4.1) increases by a factor of two. As the 12CO and
13CO clumps occupy only a small fraction of the map (see
Fig. 1) this close correspondence indicates that most asso-
ciated dust clumps are real. The adopted 1.5σ threshold
limit to detect their peaks corresponds to a column density
Nlim(dust) = 1.9× 1021 cm−2.
3.2 Sizes and masses of Gaussian clumps
The effective diameter of a Gaussian clump, extracted from a
molecular-line emission map, is calculated as the geometrical
mean of its major and minor axes on the sky plane (position-
position space):
Dcl =
√
∆xcl∆ycl ,
where ∆xcl and ∆ycl are defined as beam-deconvolved full
widths of half-maxima (FWHM) of the fitted Gaussian
curves along those directions, converted to linear sizes. Here-
after, we label ‘clump size’ the half of the effective diameter
2 https://www.iram.fr/IRAMFR/GILDAS/
3 http://starlink.eao.hawaii.edu/starlink/CUPID
4 Somewhat larger values of sb are also applicable; cf.
Schneider et al. 1998.
5 For definitions of clump size and mass, see next Section.
MNRAS 000, 1–16 (2017)
4 Veltchev et al.
Figure 1. Locations of the extracted associated (left) and non-associated (right) clumps from 12CO (red), 13CO (green) and dust
emission (blue), imposed on a Herschel map of Rosette (combined SPIRE 250 + 350 + 500 µm; available from the ESA Sky Archive
http://sky.esa.int). The boundary of the region excluded from consideration is marked with dashed line (see text).
Rcl = 0.5Dcl . Our observational data allow for linear reso-
lutions are of 0.15 pc (CO maps) and 0.12 pc (dust maps),
respectively.
The masses of the CO clumps were derived through
three-dimensional integration of the brightness temperature
Tb over the PPV space:
Mcl(CO) = µmolX
∫∫∫
Tb dxdydv
= µmolXTb, 0
∫∫∫
e
−
(x−x0)
2
2σ2
x e
−
(y−y0)
2
2σ2
y e
−
(v−v0)
2
2σ2
v dxdydv
=
(
1
2
√
π
ln 2
)3
µmolXTb, 0∆xcl∆ycl∆vcl (2)
where Tb, 0 is the peak value of Tb within the given clump,
(x0, y0, v0) are the positions of its centre in the PPV space,
∆vcl = 2σcl
√
2 ln 2 is the FWHM in velocity and µmol =
2.74mu is the mean particle mass in molecular gas. The
adopted estimates of the conversion factors X from inte-
grated CO (12CO or 13CO) intensity to hydrogen column
density N are discussed in Sect. 5.1.
Formula (2) was used by Stutzki & Gu¨sten (1990) to
derive masses of Gaussian clumps, extracted from maps of
an optically thin tracer (C18O). Why it is applicable also
to 12CO and 13CO clumps in the Rosette region? Optical
depth of 13CO (J = 1 − 0) in various zones in RMC was
assessed by (Schneider et al. 1998) as several intensity ra-
tios have been modelled with external UV radiation. This
line might be optically thick in the Monoceros ridge, at the
position of the infrared source AFGL 961 and in the center
zone (l ∼ 207.◦1, b ∼ −1.◦8), i.e. for a few positions, in the
vicinity of very high column density peaks. The Monoceros
ridge (cf. Fig. 1) and the clumps identified with AFGL 961
were excluded from our consideration whereas a few ones
located in the centre zone would hardly affect the results
presented in the next sections. For the remaining zones of
lower (column) density gas, it can be assumed that 13CO line
is predominantly optically thin. The latter was shown also
by Williams, Blitz & Stark (1995) whose selected region in
Rosette largely coincides with ours (see their Fig. 1).
In regard to the Gaussian clumps, extracted from maps
of the optically thick 12CO (1 − 0) emission, Kramer et al.
(1998) found that their mass is still proportional to
XTb, 0∆xcl∆ycl∆vcl, “although the applicability of the X-
factors from the literature to individual clumps may be ques-
tionable” (Sect. 3.2.2 therein). In this study we work with an
averaged X-factor, derived from associations of 12CO/13CO
clumps with dust counterparts (i.e. extracted from an op-
tically thin emission, Sect. 5.1). Therefore the 12CO clump
mass, calculated from equation (2) could be underestimated
– in the worst case – by some constant factor. However, this
would not affect neither the slopes of the studied scaling re-
lations, nor the virial analysis since all 12CO clumps have
been found to be gravitationally bound (Sect. 5.4.2).
The masses of the dust clumps, extracted from the Her-
schel map, were obtained in analogous way to equation (2),
through two-dimensional integration of column density:
Mcl(dust) =
(
1
2
√
π
ln 2
)2
µH,GalN0∆xcl∆ycl , (3)
where N0 is the peak value of column density within the
clump and the adopted mean particle mass µH,Gal = 1.37mu
is representative for Galactic abundances of atomic and
molecular hydrogen and other elements (Draine 2011).
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Non-associated clumps
ω < 50 %
Intersection points: 0 - 2
Associated clumps, Type O(verlapping)
50 % ≤ ω ≤ 90 %
Intersection points: 2 - 4
Associated clumps of type E(mbedded)
ω ≥ 90 %
Intersection points: 0 - 4
Type E1 Type E2
Figure 2. Criteria for association of Gaussian clumps from Population 1 (red) and Population 2 (blue), based on the value of the overlap
coefficient ω (see text): non-associated (left), overlapping (middle) and embedded (right) clumps.
4 SPATIAL ASSOCIATION BETWEEN
CLUMP POPULATIONS
Cross-identification (hereafter, association) of clumps from
different tracers could be used as a tool to determine the
physics of structures in MCs. In this Section we present a
method to associate Gaussian clumps, introduce two types
of associated clumps and provide statistics of the associated
populations in the RMC.
4.1 Association between Gaussian clumps
Various tracers of cloud structure are sensitive to different
ranges of density and optical depth. While the J = 1 → 0
lines of 12CO and 13CO are typical tracers of molecular gas
with densities n & 102 cm−3 and n & 103 cm−3, respec-
tively, the far-infrared and submillimetre emission of dust
enables one to trace the cloud structure from very low den-
sities up to its dense cores (n > 105 cm−3). Therefore it
is instructive to perform association between the extracted
clump populations and to compare their locations and phys-
ical characteristics.
Since the projections of CO PPV clumps onto the celes-
tial plane as well as the 2-dimensional clumps extracted from
Herschel maps throughGaussclumps are ellipses, an appro-
priate criterion to associate clump pairs should be based on
the theory of intersecting ellipses. We make use of a method
developed by Hughes & Chraibi (2012). Its output are the
number of intersection points and the intersection area of a
considered pair of ellipses. In our treatment, the ellipse rep-
resenting each clump is defined by the half-maximum con-
tour.
The applied criterion for clump association is illustrated
in Fig. 2. As one considers a pair of clumps from two sam-
ples, Population 1 and Population 2, the overlap coefficient ω
is defined as the intersection area, normalised to the area of
the smaller ellipse. In case of zero or one intersection points
the ellipses do not overlap at all (ω = 0 %) or the smaller
one is completely embedded into the larger (ω = 100 %).
Table 1. Statistics of the associated Gaussian clumps in RMC.
Tracer Nr. of clumps
In total Associated
12CO 68 49
13CO 130 99
Dust 249 133
When the intersection points are 2, 3 or 4, the value of ω is
decisive to discriminate between non-associated, overlapping
and embedded clumps. To distinguish non-associated from
overlapping clumps (Type O) we adopt a conservative range
50%6 ω < 90 %. Type E (embedded) is assigned to clump
pairs with ω > 90 %; such criterion is strong enough to en-
sure that most of the mass of a centrally condensed clump
is contained in the overlap area. Two subclasses of type E
are introduced depending on whether the clump from Popu-
lation 1 is larger than its associate from Population 2 (Type
E1), or vice versa (Type E2). An additional requirement for
associating a 12CO and a 13CO clump is that the velocity
ranges (v0 − ∆vcl/2) 6 v 6 (v0 + ∆vcl/2) in both tracers
contain at least one velocity channel in common.
4.2 Associated clumps in Rosette
The associated objects populate the dense, main star-
forming region in the RMC and its most pronounced fila-
ments (Fig. 1, left; cf. Fig. 1 in Schneider et al. 2012). In
contrast, the non-associated clumps are widely distributed
over the cloud (Fig. 1, right); the few non-associated
12CO objects occur only at l < 207.◦3. Most non-associated
13CO clumps are detected in channels of high radial velocity.
In Tables 1 and 2 we provide statistics of the associ-
ated clumps from each population. About 75 % of all CO
clumps (12CO and 13CO) have at least one associate in one
or both of the other tracers. Considering the dust clump
MNRAS 000, 1–16 (2017)
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Table 2. Statistics of the associated pairs in RMC. The last two
(one) columns contain the number ratios between the number of
associations of different type.
Associated pairs Number ratios
Pop 1-Pop 2 Nr.∗ Notation in Figs. E1/O E2/O
3, 4, 7, 8, 9, A1
12CO -Dust 63 diamonds 0.80 0.03
13CO -Dust 112 squares 1.07 0.07
12CO - 13CO 37 circles 0.76 0.00
Associations with the same population
E/O
12CO - 12CO 11 – 0.57
13CO - 13CO 12 – 0.20
Dust -Dust 7 – 1.33
∗ Some clumps of Population 1 belong to more than one pair.
population, the fraction of associated clumps is only 53 %.
Twenty 12CO clumps in total have associates in the other
two tracers; several of them are associated with more than
one 13CO and/or dust clump. The vast majority of the non-
associated dust clumps are small (Rcl < 0.3 pc), low mass
(Mcl < 10 M⊙) objects; part of them may be artefacts from
our low detection limit.
Among the associated clump pairs (Table 2), Type O
and Type E turn out to be equal or close in number. Con-
sidering only pairs of Type E, dust clumps are – in general
– embedded into their CO counterparts and 13CO clumps
are embedded into 12CO ones. The exceptions enable us to
estimate the X-factors (Sect. 5.1). We also computed the
associations for clumps of the same tracer to quantify hi-
erarchies but the statistics of these associated pairs is poor
due to the limited dynamic range of clump sizes. Their anal-
ysis provides reference values in the study of the mass-size
relationship (cf. Sect 5.2).
5 PHYSICAL ANALYSIS
The analysis in this Section is focused on the associated
clump populations. Since the calculated clump masses de-
pend crucially on the X-factor (cf. Sect. 3.2), we suggest
first an approach to estimate its average value in the RMC
(Sect. 5.1). The derived size-mass relationships are presented
in Sect. 5.2. In view of these and of the clump size distri-
butions, we explore the strength of our method to associate
individual clumps, investigating cross-correlations between
the three maps of Rosette as functions of the spatial scale
(Sect. 5.3). Then, in Sect. 5.4, we study the velocity disper-
sions of the clumps seen in 12CO and 13CO which enables
the virial analysis of all clump populations.
5.1 Estimation of the X-factor
Masses of condensations delineated in molecular-line maps
are usually derived from object’s intensityW integrated over
its area and line-of-sight through the factor X = N(H2)/W .
Our first task in the analysis of the extracted clumps is
to achieve a highly plausible estimate of X for the trac-
ers 12CO and 13CO based on clump associations. We use
the masses of dust clumps Mcl(dust) as reference values for
a comparison with the masses of their CO associates. The
elaborated procedure of pixel-to-pixel determination of col-
umn density (Section 2.2) should yield Mcl(dust) with un-
certainties of better than 50% (Roy et al. 2013).
Observational works on many nearby MCs indicate that
the X-factor for 12CO (hereafter, just X) in the Galaxy
is approximately constant (Dame, Hartmann & Thaddeus
2001; Bolatto, Wolfire & Leroy 2013). Theoretical models
also show that a constant X is justified, except in case
of high metallicities (Szu˝cs, Glover & Klessen 2016). The
widely adopted reference value for the Milky Way is:
XMW(
12CO) ≡ XMW = 2× 1020 cm−2K−1km−1s (4)
However, numerical simulations including details of the
hydrogen, carbon, and oxygen chemistry indicate a signif-
icant variation of the X-factor (1 . X/XMW . 10
4) in
the low-extinction regime AV . 3.5 (Glover & Mac Low
2011; Shetty et al. 2011). Ossenkopf (2002) showed that X
might increase by two orders of magnitude from low- to high-
density regimes due to optical depth effects. More than half
of all associated 12CO clumps in the RMC populate regions
where such variations of X should be expected. Therefore,
instead of choosing a priori some average value ofX in RMC,
we estimate it by comparing the masses of gaseous and dust
clumps from the embedded pairs (type E).
Our basic assumption is that, within the error bars, the
mass of the embedded clump should be smaller than that
of its counterpart in the other tracer: M1 >M2 for pairs of
Type E1 and M1 6 M2 for pairs of Type E2 (cf. Fig. 2).
Per definition, associated pairs of both types are separated
by the identity line in the size-size diagram (see Fig. A1 in
the Appendix). Such a separation should also be observed
in the mass-mass diagram if the Gaussian clumps in a pair
are indeed spatially embedded.
Under this assumption, we varied X/XMW between 0.1
and 10 and calculate the masses of 12CO clumpsMcl (
12CO)
for each test value. Then, by comparing Mcl (
12CO) with
Mcl (dust) of the embedded dust associates, one can probe
the range of plausible values of X (Fig. 3, top). Two pairs of
clumps have to be excluded. The infrared sources AFGL 961
and PL3 (Phelps & Lada (1997), clump D in Poulton et al.
2008) show irregular 12CO line profiles indicating strong
self-absorption and outflows (see Schneider et al. 1998) so
that they hardly trace the column density structure. For
completeness they are shown in Fig. 3 but were excluded
from further consideration. For all other clumps we adopt a
possible 40% uncertainty of the calculated masses of PPV
clumps due to projection effects (Beaumont et al. 2013).
Visual inspection of the mass-mass diagrams of the asso-
ciated 12CO-dust pairs of type E1 (first row of Fig. 3)
shows that within the error bars values of X between
2× 1020 cm−2K−1km−1s and 6× 1020 cm−2K−1km−1s pro-
vide Mcl(
12CO)> Mcl (dust).
The possible values of X(13CO) (hereafter, X13) are
obtained in analogous way. We probed the test range 1 6
X13/(8 × 1020 cm−2K−1km−1s) 6 10; some mass-mass di-
agrams are shown in the central row of Fig. 3. The ref-
erence value corresponds to N(H2)/N(
13CO) = 7 × 105
(Frerking, Langer & Wilson 1982), which is widely used in
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Figure 3. Comparison of clump masses from the associated pairs of Population 1 (absciss) and Population 2 (ordinate): 12CO-dust
(top), 13CO-dust (middle) and 12CO- 13CO(bottom). The test values of the X-factors are given in units [cm−2K−1km−1s]; the adopted
ones are put in a box. The dashed lines on both sides of the identity line represent the adopted uncertainty of mass estimates (see text).
The triangles mark the dust cores identified with AFGL 961 and PL3 that were excluded from the analysis.
studies of large MC complexes (e.g. Nagahama et al. 1998;
Zhang, Xu & Yang 2014), combined with the LTE emissiv-
ity W/N(13CO) = 9 × 10−16 Kkms−1 cm2 at a temper-
ature of T = 15 K (Mangum & Shirley 2015). The ob-
jects of Types E1 and E2 form clearly separable groups on
the mass-mass diagram. This enables us to constrain X13
in a narrow range between 3 × 1021 cm−2K−1km−1s and
5× 1021 cm−2K−1km−1s consistent with studies where the
ratio 12C/13C has been probed (e.g. Blake et al. 1987). Due
to the occurrence of both subtypes of embedding this con-
straint is much stronger than for 12CO.
Finally we probe the associated clump pairs 13CO-
12CO on the mass-mass diagrams using the limits on X
and X13 factors obtained above (bottom row in Fig. 3).
Here it becomes clear that the constraint that all 13CO
clumps are embedded in 12CO clumps, consequently hav-
ing masses Mcl (
13CO)6 Mcl (
12CO), is only fulfilled if we
use the combination of X/XMW = 2 and X13 = 3 ×
1021 cm−2K−1km−1s. In this way, the concept of clump as-
sociations provides a very stringent limit on the X and X13
factors in the cloud if we assume that they are constant. The
abovementioned estimates of X/XMW and X13 are taken as
average values in the RMC to calculate clump masses.
5.2 Size-mass relationships
The mass-size relationship M ∝ Rγ reflects the scaling of
density in molecular clouds (Larson 1981; Solomon et al.
1987; Heyer et al. 2009). Table 3 contains the mass scal-
ing indices γ obtained from the studied samples of Gaussian
clumps in the RMC. The values for the full sample of clumps
in each tracer (column 2) are about γ = 2.4, consistent with
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Figure 4. Size-mass diagrams of the clump populations. The symbols are the same as in Fig. 3 but note the interchange of Types E1 and
E2 depending on clumps of which tracer are taken to be Population 1. Dots show the corresponding locations of non-associated clumps of
each tracer. The derived scaling relations (solid; cf. Table 3, column 5) and lines of constant mean density 〈n〉 in units 103 cm−3(dashed)
are indicated.
other studies at scales below 1 pc (e.g. Heithausen et al.
1998; Hennebelle & Falgarone 2012).
However, tightening the scope of consideration only to
the associated clump populations yields an increase of the
scaling indices γ by 0.3–0.5. From the table it becomes clear
that the associated clumps do not describe exactly the same
material because it makes a difference whether we study e.g.
the properties of CO clumps that have a dust counterpart
or the properties of these dust counterparts.
For the associated CO clumps (Fig. 4, top and mid-
dle, and Table 3, column 5) γ ≃ 3 within the uncertainties.
In other words, these populations obey a relation of con-
stant mean volume density 〈n〉 of the molecular gas in the
range 3×103 to 8×103 cm−3. The result is confirmed when
associated clumps from a single tracer are considered (see
12CO-12CO and 13CO-13CO in Table 3). On the other hand,
dust clumps with CO counterparts exhibit a shallower mass
scaling that is only slightly higher than the one obtained
from the full sample. Test runs of Gaussclumps on the dust
column-density map showed that the result is independent
of the chosen noise level.
5.3 Cross-correlation between the maps
The variation of the mass scaling index for associated clump
populations prompt us to probe the strength of the associ-
ation method. An appropriate way to do this is by study
the cross-correlation between the maps in the correspond-
ing tracers as a function of abstract spatial scale.
Comparing the size distributions of the associated and
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Table 3. Size-mass relationships for different clump populations.
Tracer Total population Associated population
γ Tracer Clumps γ
12CO 2.5± 0.3 13CO 30 2.9± 0.2
Dust 40 3.0± 0.2
12CO 17 3.0± 0.1
13CO 2.6± 0.5 12CO 37 3.2± 0.5
Dust 80 2.7± 0.4
13CO 22 2.9± 0.2
Dust 2.3± 0.5 12CO 58 2.5 ±0.5
13CO 105 2.5 ±0.6
Dust 13 2.7 ±0.7
non-associated clumps in Figs. 4 and 5 one can see that the
non-associated 12CO clumps tend to be smaller by about
a factor of two than those associated with dust or 13CO.
For 13CO clumps the trend also holds for associations with
12CO, but not for associations with dust. In contrast there
is no size dependence for associations from the viewpoint
of dust clumps. Moreover, the size range and distribution
of the 12CO clumps and the 13CO clumps is similar while
the dust clumps are on average much smaller. Using a naive
comparison of the size distributions of associated and non-
associated clumps, one expects a better correlation of 12CO
with the other tracers when increasing the scale. In contrast,
from the dust clump size spectrum one would not expect a
scale dependence of the correlation between dust and other
tracers. When straightforwardly comparing 12CO and dust,
both assumptions are obviously mutually exclusive.
The mutual size relations between different trac-
ers can be directly measured by investigation of the
cross-correlations between the three different maps as a
function of the spatial scale. To this aim, we use the
wavelet-based weighted cross-correlation (WWCC) tool
(Arshakian & Ossenkopf 2016) that studies the degree of
correlation of structures seen in a pair of maps as a function
of the structure size. The method filters the two maps with a
wavelet of a characteristic size so that only structures of that
size remain visible and then computes the cross-correlation
between the two filtered maps. In this way only structures
of the same scale are compared. By using different wavelet
sizes we obtain a spectrum of cross-correlation coefficients.
Every point in the individual maps can be weighted by a
noise weight to adjust the statistical significance of the re-
sult to the actual measurement uncertainties. In case of sys-
tematic shifts of characteristic structures between the two
compared maps the WWCC can also measure their mutual
displacement.
Figure 6 shows the spectra of cross-correlation coeffi-
cients as a function of scale for all three pairs of maps of
the RMC. The calibration of the wavelet spectrum for indi-
vidual Gaussian clumps by Arshakian & Ossenkopf (2016)
enables translation of the wavelet scale l into the radius
of the clumps: l ≈ 3.4Rcl. Thus the cross-correlation spec-
trum can be plotted in Fig. 6 directly on the clump radius
scale and thus a direct comparison to Fig. 4 is possible. The
spectra of the cross-correlation of 12CO with either of the
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Figure 5. Distribution of clump sizes in the different populations.
The solid lines show the distribution of associated clumps (black
– all, color – with the specified tracer only), the dashed lines those
of non-associated clumps.
other two maps show a monotonous increase towards larger
scales. Individual small structures can significantly deviate
between the different tracers, partially due to the noise im-
pact at small scales, but towards larger scales all maps trace
the same overall structure of the molecular cloud. For small
and large clump sizes, the structures in both CO isotopo-
logue maps show the best matches, providing the highest
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Figure 6. Spectra of wavelet-based cross-correlation coefficients
as a function of the clump size scale for the three pairs of maps
in the RMC. For a comparison to the clump size spectra, the
wavelet scale l has been divided by 8/
√
8 ln(2) ≈ 3.4 to obtain
corresponding clump radius units, Rcl. The two vertical dashed
lines indicate the resolution limit of the observations of 36′′ (dust)
and 46′′ (12CO,13CO).
cross-correlation coefficient. At very large scales, the cross-
correlation coefficient even approaches unity which suggests
an extremely good match of the large-scale molecular dis-
tribution. In contrast, the cross-correlation with the dust
shows a more complicated behaviour. The large dynamic
range of the dust map traces both low-level extended ma-
terial and small dense cores. The wide-spread low inten-
sity emission also traced by 12CO hardly contributes to the
clump extraction but dominates the cross-correlation func-
tion at large scales. Individual high-column-density clumps
match the dense structures also traced by 13CO. On scales
around 1 pc 13CO is even best correlated with the dust.
Both species show the same prominent structures of that
size. This indicates that for structure sizes around 1 pc the
13CO emission is a reasonable column density tracer, getting
optically thicker at smaller scales so that it is suppressed rel-
ative to the dust below 1 pc and overamplified relative to the
rest of the map at larger scales. Therefore, the correlation
with dust drops again at large scales. 12CO is already opti-
cally thick at much larger scales. For that reason it shows
a very extended emission and a good correlation with the
wide-spread dust distribution at the large scales but a low
correlation at small scales.
From the monotonously increasing cross-correlation be-
tween all maps at sizes below 1 pc we would expect to find
more clump associations with increasing clump sizes. The
effect of more 12CO associations with clump size is clearly
visible in Figs. 4 and 5. At large Rcl > 0.4 pc even all
12CO
clumps are associated, suggesting a more perfect match than
the cross-correlation shows. However, looking from the per-
spective of the dust clumps, we find no size-dependence of
the associated objects in Figs. 4 and 5. This is due to the
tendency of the small and dense dust clumps to be embedded
in 12CO and 13CO clumps as discussed in Sect. 5.1. Because
of the small size of the dust clumps those associations do
not contribute to the scale-dependent cross-correlation coef-
ficient. All extended dust emission does not affect the clump
extraction procedure but contributes to the cross-correlation
function. The drop of the correlation between 13CO and dust
at larger scales also cannot be traced by individual clumps
due to the lack of very large clumps. In other words, the
cross-correlation spectrum provides a comparison between
the tracers which extends to larger scales than the clump
associations.
To sum up the results from the WWCC test, clump as-
sociations seem to indicate only an overlap in physical space.
Only if they occur for sizes with a high cross-correlation
function, one can be sure that they also characterise approx-
imately the same volume so that the density scaling of one
species is transferable to the other one. Therefore we should
always combine the approach described in Sect. 4 with the
WWCC measure to exploit the strength of clump associa-
tions. The properties of associated populations can be al-
ways assessed from the two viewpoints of clumps within an
associated pair, while the cross-correlation coefficient only
provides a more general number, but at better spatial reso-
lution and scale coverage.
5.4 Virial analysis
Virial analysis is considered as a key to understand the star-
forming properties and/or the evolutionary state of a MC.
Below we assess the gravitational boundedness of the ex-
tracted 12CO and 13CO clumps in the RMC and that of
their dust associates.
5.4.1 Velocity dispersion
The virial parameter of a cloud or clump is defined as
αvir =
5σ2clRcl
GMcl
, (5)
with the velocity dispersion σcl and G as the gravitational
constant when assuming spherical geometry and constant
density. It is often used as a tool to assess gravitational
boundedness of objects – those with αvir < 2 are considered
bound (McKee & Zweibel 1992; Ballesteros-Paredes 2006).
A critical parameter is the velocity dispersion σcl =
∆vcl/(2
√
2 ln 2) that can be measured through the linewidth
for all 13CO and 12CO clumps. Exploiting the strength of
the clump associations we can also transfer the information
on the velocity dispersion from the CO clumps to the dust
clumps for which a direct measurement is impossible. The
left column of Fig. 7 shows the velocity dispersions of the
associated 12CO and 13CO clumps vs. their sizes. We find
an offset of the dispersion of the 12CO clumps relative to
the 13CO clumps. In particular the 12CO clumps that are
associated with dust have a higher velocity dispersion than
the corresponding 13CO clumps. The offset can be easily ex-
plained by optical depth broadening (see e.g. Phillips et al.
1979).
A correction of the optical depth broadening can be per-
formed following Hacar et al. (2016). Those authors solved
the radiative transfer equation for a Gaussian distribution
of emitters in a homogeneous medium with optically thick
conditions and derived a relation between the width of a
Gaussian fit to an optically thick line and the width of the
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Figure 7. Diagram size vs. velocity dispersion for the clumps seen in 12CO or 13CO. The symbols are the same as in Fig. 4. The upper
plots show the associations of 12CO and 13CO clumps and the lower plots – the associations of 12CO/13CO with dust clumps. The left
column represents the velocity dispersions calculated from the measured linewidths, the right column gives those after the optical depth
correction following Hacar et al. (2016), and the obtained slope for all associated (Types O+E) clumps.
corresponding optically thin Gaussian profile as a function
of the optical depth. In real clouds the velocity distribution
may not be Gaussian, consisting of multiple velocity com-
ponents along the line of sight. Nevertheless, their model
matches our Gaussclumps approach of decomposing the
emission into Gaussian components that are treated sepa-
rately. The test presented in Appendix A1 confirms that
we obtain a self-consistent picture when the correction af-
ter Hacar et al. (2016) is applied to the individual Gaussian
velocity components. This correction is derived from their
relation between the width of a Gaussian fit to an optically
thick line and the width of the corresponding optically thin
Gaussian profile as a function of the optical depth. A rough
estimate of the optical depth can be obtained from the av-
erage X-factors obtained in Sect. 5.1. The theoretical limit
for the X-factor of the 1 − 0 line of CO isotopes in opti-
cally thin LTE conditions is given by the energies and Ein-
stein coefficients of the molecules (see e.g Mangum & Shirley
2015). Using the typical temperature in the RMC of 20 K
(Schneider et al. 2010) we obtain an emissivity of 7×10−16 K
km.s−1/cm−2 per column density of the emitter. Assuming a
CO abundance N(CO)/N(H2) = 2.4× 10−4 and an isotopic
ratio N(CO)/N(13CO) = 70 this predicts optically thin lim-
its for the X-factors of X = 5 × 1018 cm−2K−1km−1s and
X13 = 4×1020 cm−2K−1km−1s. Assuming that the higherX
factors obtained in Sect. 5.1 are due to optically thick emis-
sion we find optical depths in the order of 100 for 12CO and
in the order of 5 for 13CO. Using the optical depth correction
from Hacar et al. (2016) for these values indicates that the
velocity dispersions of 12CO clumps are actually lower by a
factor of about 2.2 compared to the measured ones, while
for the 13CO clumps we should apply a correction factor of
1.4. Using these correction factors to the two linewidths we
obtain a good match between the velocity dispersion mea-
sured through 12CO and 13CO (see Appendix A1). The right
column of Fig. 7 shows the relation between clump size and
velocity dispersions after applying the optical depth correc-
tion factors. The offset between the dispersion measured in
12CO and 13CO clumps is completely removed so that we
can be confident to have a reliable measure of the actual
clump velocity dispersion.
The resulting velocity dispersions cover only a small
range with an average 0.25 km s−1 and standard deviation
of 0.06 km s−1. The small clumps where all three tracers
are associated have velocity dispersions of about 0.13 km
s−1. Compared to the thermal value of 0.08 km s−1 at 20 K,
these are only slightly suprathermal. As there is no offset in
the velocity dispersion between 12CO and 13CO clumps with
and without association to dust clumps we do not expect any
fundamental difference between them so that we can use the
velocity dispersion measured in the molecular lines to assess
the virial stability of all of the associated dust clumps.
The size-linewidth diagram of all associations of 12CO
and 13CO clumps and those of CO clumps with dust coun-
terparts (top right and bottom right panels of Fig. 7, re-
spectively) indicates a very weak relation. When fitting the
velocity scaling relation σcl ∝ Rβcl we obtain β = 0 for the
12CO-13COassociations. Interestingly, if one considers only
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Figure 8. Virial analysis of the associated populations from di-
agram mass vs. virial parameter. The notation is the same like
in Fig. 4. The slope for all associated clumps (Types O+E) is
plotted (see text and Table 4). Shaded area demarcates the effect
of possible mass uncertainties on the assessment of clump bound-
edness (αvir ≷ 2). Non-associated
12CO and 13CO clumps (black
dots) are shown for comparison.
the embedded clump populations (Type E) the scaling in-
dex β increases up to 0.7, though the scatter is large – see
last column of Table 4. This behaviour could be indicative
of their evolutionary state as we comment in Sect. 7. For
clumps associated with dust the fit finds a weak size depen-
dence of β = 0.2. The lack of a velocity scaling relation for
the 12CO and 13CO clumps is in line with their constant den-
sity. If we assume that the region is dominated by a global
large-scale velocity field and the turbulence dissipation is a
function of the gas density all clumps with the same density
should have about the same velocity dispersion.
5.4.2 Relationship virial parameter vs. mass
As evident from Fig. 8 and taking into account the as-
sumed mass uncertainties, all associated CO clumps in the
RMC are assessed as bound. The evolutionary state of the
clumps can be characterised by the relation between virial
parameter and mass, assumed to be a power law: αvir ∝
M−ǫ
cl
(Bertoldi & McKee 1992; Dib et al. 2007; Shetty et al.
2010). It is also recovered from combination of the mass-size
relationship with power index γ with a scaling relation of the
velocity dispersion σcl ∝ Rβcl which yields:
ǫ = 1− 2β + 1
γ
. (6)
Table 4. Scaling indices of virial parameter in respect to mass for
the associated populations as derived directly from the diagram
Mcl vs. αvir (column 3) and calculated from the scaling relations
of mass and density (column 4). The slope β of the relationship
size vs. velocity dispersion is given for comparison.
12CO-13CO, 13CO-12CO
Type ǫ ǫcalc(β, γ) β
O + E 0.7± 0.3 0.7± 0.2 0.0± 0.1
E 0.3± 0.1 0.2± 0.2 0.7± 0.3
12CO-Dust, 13CO-Dust
Type ǫ ǫcalc(β, γ) β
O + E 0.6± 0.4 0.5± 0.1 0.2± 0.1
E 0.3± 0.1 0.2± 0.2 0.7± 0.2
In Table 4 we give the slopes obtained by direct fit-
ting of the samples in Fig. 8. They are consistent with the
values calculated from equation 6. Generally, the slope ob-
tained for the embedded populations (Type E) seems to be
shallower than the one when all associated clumps (Types
O+E) are considered; while both fall within the range of
estimates in star-forming regions sampled and explored by
Kauffmann, Pillai & Goldsmith (2013, see Table 2 there).
We note that the obtained ǫ ∼ 0.6 − 0.7 should not be in-
terpreted as indicative for pressure-confined clumps, though
similar to ǫ = 2/3 derived by Bertoldi & McKee (1992) on
this assumption. Virial parameters below unity point to sub-
stantial role of self gravity.
One may use the mass-size diagram as an additional
tool to assess clump boundedness. From equation 5 we de-
fine the virial mass of a clump as Mcl, vir ≡Mcl(αvir = 2) =
5σ2clRcl/2G. Adopting scaling relation σcl ∝ σ0(Rcl/1 pc)β,
the clump virial mass scales as Mcl, vir ∝ R2β+1cl . Fig. 9
displays the mass-size diagrams of associated CO clumps
with plotted Mcl, vir(Rcl), assuming β = 0 and taking σ0 =
0.25 km s−1 which is the average velocity dispersion for this
population (cf. Fig. 7). Apparently, the line Mcl = Mcl, vir
could serve as a lower mass limit of the bound clump popu-
lation. Thus we use it to assess also the boundedness of dust
clumps (Fig. 9, bottom) for which no velocity information is
available. In that vein, the association of dust clumps with
CO counterparts enables their stability analysis – all but a
few are classified as bound objects.
6 CLUMP MASS FUNCTIONS
Clump mass functions (CMFs) are of particular interest be-
cause they could shed light on the origin of the stellar initial
mass function (IMF). Below we present the derived CMFs
in the RMC and probe their dependence on tracer, spatial
association and the applied method to fit their high-mass
parts.
The high-mass end of the CMF is usually represented
through a power-law function dNcl/d logMcl ∝ MΓcl above
some characteristic mass Mch (see e.g. Stutzki & Gu¨sten
1990; Heithausen et al. 1998; Kramer et al. 1998; Reid et al.
2010; Veltchev, Donkov & Klessen 2013). However, the
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Figure 9. Virial analysis of the associated populations from
mass-size diagrams. The notation of the CO populations (filled
symbols for Type E, open - for Type O) is the same as in Fig.
4. Dashed line shows the virial mass Mcl(αvir = 2) as function
of size, assuming velocity scalings as in Fig. 7, right; shaded area
denotes its uncertainty due to uncertainty of αvir (cf. Fig. 8).
slope Γ obtained from least-squares fit (LSF) is sensitive to
the choice of bin size, sample size and Mch. In contrast, the
maximum-likelihood (ML) fitting approach implemented in
the method Plfit by Clauset et al. (2009) yields simultane-
ously Γ andMch from the analysis of unbinned observational
sample and provides a good precision for samples with > 50
objects. The clump samples in the present study are rich
enough (cf. Table 1) to allow for the application of both
methods.
Information on the derived mass functions of the 12CO,
13CO and dust clump populations is given in Table 5 and
is illustrated in Fig. 10. In general, each distribution peaks
close to the characteristic mass estimated from Plfit and
we adopted the latter as well in the LSF case. The non-
associated clumps from all tracers contribute only to the
low-mass part of the CMF.
The obtained values of Γ from both methods are sim-
ilar while the ML fitting tends to yield steeper slopes. The
slopes of the CO mass functions are close to the Salpeter
IMF value −1.3 (Salpeter 1955) – also, when the full sam-
ples are considered. In contrast, the CMF of the dust clump
population exhibits a substantially steeper slope.
Several previous studies of the RMC included the
derivation of the clump mass function – in part by use of
the same tracer and in a comparable mass range. All of
them produced shallow slopes of a single power-law distribu-
tion, without a characteristic mass. Williams, Blitz & Stark
(1995) applied the Clumpfind algorithm to 12CO and
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Figure 10. Mass functions of all clumps (grey) and associated
clumps (colour) from a given tracer. The high-mass slopes derived
through maximum-likelihood fitting for all clumps (dashed) and
for the associated ones (solid) are plotted – see Table 5.
13CO maps and obtained a slope as shallow as Γ = −0.27
in mass range 10 . Mcl/M⊙ . 4000. They noticed, how-
ever, that only a few clumps from their sample are star-
forming. Schneider et al. (1998) derived Γ = −0.6 for Gaus-
sian CO clump populations extracted both from KOSMA
(14 6 Mcl/M⊙ 6 1743) and IRAM (3 6 Mcl/M⊙ 6 50)
maps. Their virial analysis shows that a very small frac-
tion of the objects are gravitationally bound. Extracting
clumps from Herschel maps through the technique Get-
sources and identifying them with young stellar sources
from Spitzer, Di Francesco et al. (2010) investigated sepa-
rately samples of prestellar (10 6 Mcl/M⊙ 6 300) and
MNRAS 000, 1–16 (2017)
14 Veltchev et al.
Table 5. Parameters of clump mass functions from different trac-
ers. Abbreviations of the fitting methods: ML - Maximum Likeli-
hood, D - Kolmogorov-Smirnov statistic of ML-fit goodness, LSF
- weighted least-squares fit with logarithmic bin size 1.3 and Pois-
sonian error. The characteristic masses are taken from the ML
output and given in solar units.
Tracer All clumps All associated clumps
ML LSF ML LSF
Mch D −Γ −Γ Mch D −Γ −Γ
12CO 34 0.09 1.5 1.2± 0.1 34 0.09 1.4 1.1± 0.2
13CO 66 0.10 1.6 1.2± 0.1 66 0.12 1.6 1.1± 0.2
Dust 44 0.05 2.0 1.5± 0.2 50 0.07 2.3 2.3± 0.3
starless (2 6 Mcl/M⊙ 6 200) cores. In both cases, a slope
Γ ≃ −0.8 was obtained as the distribution peaks have been
taken as characteristic masses and no assessment of the grav-
itational boundedness has been made. In terms of tracer and
data source, our work on the dust population is comparable
with that of Di Francesco et al. (2010). The much shallower
Γ found by those authors could be attributed to the ap-
plied different method for clump extraction and/or to the
use of a single fit. If we adopt as a characteristic mass the
mass-distribution peak for all dust clumps at ∼ 10 M⊙ (cf.
Fig. 10, bottom), the corresponding slope is Γ ≃ −0.7 –
in agreement with the work of Di Francesco et al. (2010).
Also, the results from both studies could reflect the lack of
high-enough angular resolution to resolve clumps with sizes
below Rcl ≃ 0.2 pc; cf. our Fig. 5 (bottom) and Fig. 2 in
Di Francesco et al. (2010). This size range roughly corre-
sponds to masses Mcl . 20 M⊙(Fig. 4).
7 DISCUSSION
Possible caveats of the presented study are the uncertain-
ties in the column-density maps and superposition effects.
We find an average value for the X factor that is somewhat
higher than the Galactic average. Nevertheless, it gives re-
alistic and self-consistent estimates of the masses of the em-
bedded clump populations (Fig. 3). We adopt also average
uncertainties of size and mass estimates due superposition
effects (Beaumont et al. 2013). Individual uncertainty may
vary with size; smaller clumps which are deeply embedded
in cloud material are more susceptible to superposition. Ob-
jects of lower mean brightness could also misrepresent the
real structure in the PPP space. However, such clumps do
not affect the result on the mass scaling of the associated CO
populations and, also, are not taken into account to derive
the high-mass CMF.
Most molecular-line investigations of Galactic star-
forming regions, by use of different clump-extraction tech-
niques, result in mass scaling indices γ close to 2 or a few
dex larger (see Veltchev, Donkov & Klessen 2013, Table 1).
This is reproduced from the derived mass-size relations in
this work as far as all clumps from the considered population
are taken into account (Table 3, column 2). The surprising
result is the single steep mass scaling relation γ ≃ 3 of the
associated CO clumps, which corresponds to objects of con-
stant mean volume density. How could one interpret this
finding? Below we suggest a possible explanation from fea-
tures of the CO detection and involving a model for clumps
which are about to form stars.
Critical density for excitation of CO molecules can ex-
plain the behaviour of associated clumps from these trac-
ers. It gives us access to their nature that goes beyond the
purely statistical result of a decomposition algorithm. The
constant density of the CO clump associations is in line with
the small dynamical range in densities that an individual
molecular line is sensitive to (see e.g. Schneider et al. 2016).
At lower densities the molecule is only subthermally excited,
at higher densities it becomes quickly optically thick (Draine
2011; Klessen & Glover 2015). The density variation of the
associated clumps probably stems from the different opti-
cal depths while both isotopes have about the same critical
density for the collisional excitation. Hence, we can conclude
that all associated CO clumps are real physical objects with
at least the inferred density from Fig. 4. In contrast, every
non-biased clump decomposition mechanism tends to find
clumps with constant column density (see e.g. Heyer et al.
2009). A fixed noise threshold and dynamic range of a map
provide natural limits to the derived column density; an
illustration for our clump samples is provided in the Ap-
pendix, Fig. A2. With Gaussclumps larger structures can
still be identified at average columns below the noise thresh-
old of individual pixels so that we naturally expect a clump
scaling exponent somewhat above two, in line with our val-
ues for the individual maps of γ ≈ 2.4. The fact that asso-
ciated dust clumps also show a steeper exponent indicates
that the associations bias the dust clump sample to clumps
with densities above the CO critical density, but – as there is
no upper limit for the measured column in the dust maps –
they can go towards higher densities. Most dust clumps can
be regarded as the “tips of the iceberg” on top of the CO
clumps, as seen through the types of embeddedness in Table
2 and Fig. 4. Most dust clumps are embedded in CO clumps
having significantly smaller radii. Hence, we can use the as-
sociations as a tool to identify significant physical entities
above a certain density threshold.
The mean density of the associated CO clumps is about
3 − 8 × 103 cm−3 while dust emission as an optically thin-
ner tracer allows for identification of their counterparts with
3 × 103 . 〈n〉 . 105 cm−3 (Fig. 4, bottom). The shal-
lower index γ ∼ 2.5 obtained for the sample of associated
dust clumps, combined with the significantly larger scat-
ter could be attributed to the lack of single density scaling
law at scales below few 0.1 pc – the mass of structures of
one and the same size could vary by orders of magnitude
(Falgarone et al. 1992; Hennebelle & Falgarone 2012).
Another interesting result from our work is the virtual
lack of a velocity-size relation for the associated CO clumps
(Fig. 7). It is consistent with the findings from a number of
studies of clumps with similar size and with similar to higher
densities in star-forming regions (Casseli & Myers 1995;
Shirley et al. 2003; Gibson et al. 2009; Wu et al. 2010). We
suggest an interpretation provided from the recent simu-
lations of evolving MCs in a typical Galactic environment
by Iba´n˜ez-Mej´ıa et al. (2016). In their work, the identified
structures of low density 〈n〉 6 5 × 103 cm−3(i.e. traceable
by CO emissions) display no dependence of the velocity dis-
persion with radius at early evolutionary phases, prior to
the onset of self-gravity. This fact, along with the measured
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0.35 kms−1 6 σ 6 0.6 km s−1, is explained with the for-
mation of the considered objects through compression by
converging flows. Their low velocity dispersions determine
bound states: αvir less than 0.5 and scaling with mass by
ǫ ∼ 0.7, in agreement with our results for all associated
clumps in Sect. 5.4.2. On the other hand, further evolution
of these clouds is affected strongly by self-gravity and leads
to an increase of their velocity dispersions – a linewidth-size
relation appears, with index β as high as 0.62 ± 0.12 (see
Fig. 9 in Iba´n˜ez-Mej´ıa et al. 2016). Interestingly, such be-
haviour is found from virial analysis of our embedded clump
populations (Table 4). Whether this is indicative of their
evolutionary state is speculative. A cross-identification with
mapped young stellar sources and/or prestellar cores might
shed light on this issue.
The derived CMFs of the CO populations exhibit steep
slopes in their high-mass parts, comparable to or larger
than the one of the stellar IMF. Such slopes of Γ are
not exceptional – similar values are derived from studies
of other Galactic star-forming regions (see review and the
references in Veltchev, Donkov & Klessen 2013), adopting
Mch & 10 M⊙ to separate intermediate-mass from high-
mass part. In the cited work the observational CMFs were
successfully modelled from statistical description of clump
ensembles under the assumption of multi-scale, virial-like
equipartition between gravitational and turbulent energy.
In regard to this, we note again that the vast majority of
the RMC clumps are found to be gravitationally bound by
the performed virial analysis (Sect. 5.4).
8 SUMMARY
We study clump populations extracted from 12CO,
13CO and Herschel dust-emission maps of the Rosette
molecular cloud (RMC) using the clump-extraction algo-
rithm Gaussclumps. By performing a cross-identification
(association) between the populations from different trac-
ers and subsequent physical analysis we can derive essential
properties of the cloud structure:
• Clump associations allow us to combine the information
on the physical properties of the clumps that are measured
by the different tracers. The assignment of the tracers to
the same material is most reliable at scales of large cross-
correlation coefficients, favouring the larger clumps in our
study. By comparing clump masses we obtain a reliable es-
timate for the X factors translating 12CO and 13CO inten-
sities into column densities (X = 4× 1020 cm−2K−1km−1s,
X13 = 3× 1021 cm−2K−1km−1s). After correction for opti-
cal depth broadening we obtain a reliable measure for the
velocity dispersion in the gaseous clumps that can be trans-
ferred to the dust clumps that have no separate velocity
information.
• The associated Gaussian clumps extracted from CO
tracers obey a single mass-size relation Mcl ∝ R3cl which
implies approximately constant mean density about 3 ×
103 cm−3(12CO) and 6−8×103 cm−3(13CO). This behaviour
can be explained by the small dynamical range in densities
to which an individual molecular line is sensitive.
• The associated Gaussian clumps extracted from Her-
schel dust-emission map are usually embedded within the
larger CO clumps representing their density peaks at scales
a few tenths of pc where no single density scaling law (and
no single mass-size relationship, respectively) is expected.
This is reflected in a shallower mass scaling (slopes about
2.5) than their CO associates.
• All associated CO clumps (and all but a few of their
dust counterparts) are assessed to be gravitationally bound
and their location delineates the massive star-forming fila-
ments and their junctions studied by Schneider et al. (2012).
They display virtually no velocity-size relation, in consis-
tence with the derived relation between their masses and
virial parameters. We interpret this behaviour as indicative
of low-density clumps formed through compression by con-
verging flows and still not evolved under the influence of
self-gravity.
• The derived mass functions of the CO clump popu-
lations (associated or not) display a nearly Salpeter slope
(Γ ∼ −1.3), corresponding to the high-mass slope of the
stellar initial mass function. In contrast, the mass functions
of the dust clump populations are much steeper (Γ . −2).
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Figure A1. Sizes of associated Gaussian clump pairs, extracted
from different tracers.
APPENDIX A: CHARACTERISTICS OF
ASSOCIATED CLUMP POPULATIONS
Tables A1, A2 and A3 provide full lists of the associated
clumps and their physical parameters. The sizes of the as-
sociated objects from each pair of tracers are juxtaposed in
Fig. A1. Embedded clumps (Types E1 or E2) are separated
by the identity line per definition. In average, 12CO clumps
are about twice larger than their 13CO embedded associates.
The correlation of sizes of embedded 12CO/13CO - dust pairs
is weaker.
The distribution of mean surface densities for associated
and non-associated clump populations from different tracers
are plotted in Fig. A2.
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Figure A2. Distribution of mean surface density of clumps, ex-
tracted from different tracers. The solid lines show the distribu-
tion of clumps associated with any other tracer, the dashed lines
those of non-associated clumps.
A1 Test of the optical depth correction
To measure the velocity dispersion of molecules from the line
width of optically thick lines we have to apply an optical
depth broadening following Hacar et al. (2016). Using the
measured X-factors from in Sect. 5.1 we derive in Sect. 5.4.1
approximate correction factors of about 2.2 for the 12CO
and about 1.4 for the 13CO clumps. Both factors are un-
certain within about 10% as the computation of the optical
depth from the X-factors tends to underestimate the opti-
cal depth, due to the neglect of the change of the line shape,
while the use of the relation for the thermal line width from
Hacar et al. (2016), ignoring the small suprathermal contri-
bution (see Sect. 5.4), tends to overestimate the correction.
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Table A1. List of all associated 12CO clumps.
# l b Axis 1 Axis 2 Orient. angle Size Mass σ 13CO ass. Dust ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙] [km s−1]
1 207.023926 -1.820533 74.6 109.7 32.3 0.5833 276.5 1.69 1, 24, 80 10, 11, 34, 52, 282
2 206.946793 -1.811981 81.7 115.5 153.1 0.6266 197.2 1.39 5 56, 78, 80, 177, 239
4 207.323105 -2.163783 62.4 124.1 64.5 0.5671 140.1 1.15 2, 116, 156 4, 26, 44, 117, 166
7 206.992935 -1.782242 48.7 78.3 165.2 0.3981 66.6 1.14 3, 182 39, 286
8 206.912140 -1.869369 56.0 117.8 147.0 0.5236 79.5 0.96 56 187
10 206.945114 -1.638992 43.5 100.0 66.3 0.4251 92.9 1.36 – 63, 224
11 207.027939 -1.792006 76.9 47.5 170.8 0.3897 79.8 1.51 – 52
12 207.394547 -1.941092 55.3 87.2 55.7 0.4477 91.0 1.15 41 38
16 206.905518 -1.916839 88.4 57.2 174.0 0.4585 61.0 0.95 179 –
18 207.121262 -1.881081 39.0 89.8 30.4 0.3817 53.2 1.00 11 14, 45, 163
22 206.951279 -1.593222 45.8 106.4 112.4 0.4502 113.5 1.54 85 57, 131
23 206.893539 -1.799839 36.4 94.8 133.6 0.3785 49.1 1.29 109 107, 148
26 206.794785 -1.772153 177.1 62.0 8.2 0.6756 267.4 1.75 23 71, 249
33 206.977036 -1.837939 81.4 45.3 138.1 0.3917 38.6 1.06 – 60
34 207.425369 -1.961631 63.3 63.2 173.4 0.4077 46.5 0.98 9 92
36 207.049423 -1.800294 32.7 103.9 58.6 0.3760 38.9 1.19 18, 42 –
37 206.923096 -1.887656 45.7 65.8 128.3 0.3536 20.7 0.70 124 257
42 207.093842 -1.870303 68.6 43.2 21.0 0.3511 29.1 0.83 66 281
57 206.923035 -1.846186 32.9 46.1 121.4 0.2510 18.6 1.39 61 328
60 207.028488 -1.838747 29.5 86.9 39.5 0.3266 22.3 0.87 – 89
63 206.872894 -1.840867 40.4 78.4 72.8 0.3628 45.8 1.33 302 –
64 207.455322 -1.968656 43.2 62.7 30.9 0.3356 31.4 1.11 251 293
66 207.154510 -1.878117 89.2 33.8 20.5 0.3541 28.8 0.96 – 15
74 207.305466 -2.156178 49.1 66.7 39.9 0.3689 30.8 1.01 62 26
79 207.188660 -1.926303 49.9 49.7 175.3 0.3211 21.7 0.82 149 –
81 207.000488 -1.774714 73.2 39.4 72.1 0.3463 39.4 1.38 – 286
91 207.272141 -1.810972 46.7 69.9 76.9 0.3683 40.8 1.41 – 1, 6, 7
96 207.314346 -2.102122 46.6 94.7 39.2 0.4284 57.5 1.21 – –
102 207.078812 -1.876608 28.6 55.6 73.6 0.2572 10.8 0.70 – 65, 149
103 207.066910 -1.848575 42.0 28.1 152.2 0.2215 10.4 0.84 – 271
107 207.429016 -1.994303 41.5 41.4 14.0 0.2670 13.2 0.73 – 66
119 206.851364 -1.798392 37.0 50.2 129.3 0.2779 34.4 1.82 – 236
125 207.071335 -1.782483 70.4 43.7 13.4 0.3577 38.6 1.30 – 41
128 207.156860 -1.915303 28.8 66.1 42.8 0.2810 17.0 0.88 309 –
143 207.222549 -1.637233 34.3 60.6 122.1 0.2938 20.0 0.97 270 61
151 207.228317 -2.461564 152.8 54.5 160.5 0.5882 37.6 0.50 78 –
152 207.122803 -1.639314 65.2 32.6 145.1 0.2975 24.4 1.06 57 251
158 206.854767 -1.750297 109.9 38.9 57.5 0.4213 56.6 1.28 – 153
160 207.183746 -2.245544 243.2 54.6 165.1 0.7431 114.0 0.97 154 –
173 207.311600 -2.155100 46.0 32.2 1.9 0.2480 17.5 1.18 – 4
190 207.219101 -1.611764 34.3 31.6 21.3 0.2123 14.3 1.49 118 –
194 207.005981 -1.927936 37.9 37.8 151.0 0.2442 9.5 0.73 – 305
200 207.349304 -2.305289 75.4 215.0 82.9 0.8209 95.0 0.62 98 201
210 207.317719 -1.900606 42.9 69.8 43.3 0.3529 23.3 0.79 148 –
218 206.910721 -1.677203 25.6 55.8 74.5 0.2437 19.1 1.35 – 219
221 206.950302 -1.560703 32.1 38.0 103.0 0.2252 17.0 1.49 45 169
227 206.799850 -1.763731 82.1 35.3 143.4 0.3473 28.7 1.08 – 249
262 207.676910 -1.555356 45.6 137.7 100.8 0.5109 64.8 1.11 46, 258 69
308 207.300903 -2.127922 44.3 77.5 49.2 0.3777 38.9 1.18 – 337
376 207.123428 -1.621158 34.3 50.5 151.8 0.2682 12.6 0.83 – 338
To verify the correction factors for the two linewidths we
show in Fig. A3 the velocity dispersion measured in 12CO
and 13CO for associated clumps that should see the same
gas. Without the optical depth correction there is a clear
offset from the identity line. After the correction both ve-
locity dispersions match within a factor of two, symmetric
to the identity line. This indicates that we obtain reliable
estimates of the clump velocity dispersions.
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Table A2. List of all associated 13CO clumps.
# l b Axis 1 Axis 2 Orient. angle Size Mass σ 12CO ass. Dust ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙] [km s−1]
1 207.017502 -1.815992 40.92 106.09 44.1 0.4248 380.0 1.22 1 10, 282
2 207.322815 -2.167897 38.79 77.76 47.5 0.3542 86.4 0.55 4 117
3 206.988449 -1.784817 127.71 39.13 171.2 0.4558 274.6 1.04 7 39, 286
5 206.939468 -1.809586 51.31 42.77 8.0 0.3021 87.6 0.83 2 56
6 207.127731 -1.835806 89.29 62.76 34.2 0.4827 350.1 1.25 – 211
7 207.284317 -2.148969 68.38 47.76 3.9 0.3685 141.5 0.90 – 111
8 207.560471 -1.713642 86.50 61.72 165.6 0.4711 240.2 1.10 – 25, 137
9 207.423874 -1.951617 135.91 36.78 23.7 0.4559 234.1 0.91 34 92
11 207.128937 -1.875972 85.09 45.17 11.4 0.3998 178.0 0.92 18 319
15 207.294266 -2.092403 43.07 54.01 29.6 0.3110 102.5 0.97 – 40
18 207.045258 -1.817914 31.35 42.06 122.7 0.2341 61.5 1.19 36 34
19 207.259964 -1.812581 60.77 92.63 141.2 0.4838 257.6 1.34 – 1, 7, 64, 242
20 206.996277 -1.816097 44.21 52.78 87.8 0.3114 70.9 0.76 – 60
21 206.870819 -1.874375 43.96 64.56 84.6 0.3435 172.7 1.43 – 20
23 206.797562 -1.770117 33.51 48.37 25.3 0.2596 85.2 1.24 26 –
24 207.012497 -1.822536 23.50 30.41 43.5 0.1724 21.3 0.76 1 –
25 206.908569 -1.784900 55.99 40.10 168.4 0.3055 100.2 1.13 – 222
28 207.067215 -1.814750 63.87 86.20 147.3 0.4784 287.7 1.37 – 22
30 207.290100 -2.188197 92.71 47.29 7.0 0.4269 128.0 0.81 – 43
34 207.310562 -1.822886 115.00 72.71 12.1 0.5896 223.3 0.89 – 23, 101, 160, 364
35 207.307831 -2.132703 41.21 83.83 105.9 0.3790 85.1 0.64 – 337
37 207.154877 -1.880883 81.50 101.70 160.5 0.5871 298.8 1.22 – 15, 51, 319
41 207.390228 -1.946653 39.24 51.37 25.7 0.2895 48.9 0.63 12 –
42 207.036850 -1.788664 27.32 54.04 28.0 0.2477 49.8 0.95 36 –
44 207.316818 -1.877236 31.34 76.33 30.6 0.3154 66.3 0.89 – 67
45 206.949249 -1.564369 30.21 64.12 87.8 0.2838 87.1 1.17 221 169
46 207.676697 -1.557078 38.90 94.31 94.8 0.3905 121.0 0.88 262 69
47 207.589127 -1.758081 38.83 82.22 55.0 0.3643 85.1 0.90 – 12
48 207.144730 -1.821492 59.10 88.71 121.4 0.4669 119.2 0.81 – 47
49 207.082047 -1.866792 76.03 116.36 111.3 0.6065 265.1 0.97 – 19, 65, 149
50 207.210541 -1.835375 46.60 59.03 158.2 0.3382 72.6 0.89 – 46
51 207.286285 -2.424056 59.84 79.79 130.1 0.4456 109.3 0.61 – 198
52 207.183502 -1.783253 49.66 66.20 145.3 0.3697 88.0 0.90 – 9, 183, 358
54 207.782776 -1.784194 63.08 110.68 87.7 0.5388 116.6 0.58 – 104
56 206.905136 -1.871392 39.42 90.14 141.8 0.3843 140.0 1.14 8 –
57 207.108276 -1.642528 26.91 52.42 116.9 0.2422 55.1 1.02 152 251
59 207.172119 -1.845550 54.06 73.01 23.2 0.4051 96.3 0.89 – 194
61 206.922104 -1.841356 32.72 53.15 62.2 0.2689 54.4 0.95 57 –
62 207.304169 -2.155556 45.78 23.75 15.4 0.2126 37.5 0.99 74 4, 26
65 207.105698 -1.808583 35.70 42.22 93.6 0.2503 27.3 0.62 – 98
66 207.089584 -1.866308 47.54 31.48 1.8 0.2494 34.8 0.68 42 –
69 207.304062 -2.532933 114.89 58.13 9.2 0.5270 201.5 0.89 – 21, 128
71 207.344818 -1.948906 23.89 32.51 59.6 0.1797 15.9 0.60 – 243
72 207.360107 -1.945022 26.36 46.31 71.0 0.2253 24.9 0.58 – 84
78 207.243835 -2.449700 35.08 84.04 149.0 0.3501 46.0 0.46 151 –
79 207.277222 -1.864947 45.17 142.92 11.5 0.5181 133.1 0.75 – 208, 366
80 207.027939 -1.828756 63.65 39.44 173.5 0.3230 76.2 0.97 1 –
81 207.317184 -1.838792 64.89 49.17 20.0 0.3642 69.2 0.73 – 24, 109
85 206.935623 -1.601728 26.51 58.29 122.8 0.2535 51.5 0.98 22 131
87 207.826660 -1.849742 72.84 140.08 140.4 0.6513 168.1 0.56 – 29, 95, 195, 318
91 207.367767 -1.849053 56.38 110.39 53.2 0.5087 89.3 0.59 – 171
92 207.206085 -1.866494 103.14 33.78 160.4 0.3806 69.6 0.73 – 336
93 207.586731 -1.727814 65.47 59.35 23.7 0.4020 86.3 0.85 – 139
94 207.700165 -1.920394 152.63 65.29 179.6 0.6437 228.4 0.83 – 49
96 207.361786 -1.904942 49.50 74.21 30.9 0.3908 102.3 0.99 – 180
98 207.343964 -2.297911 66.36 57.77 18.6 0.3992 48.8 0.40 200 201
99 207.299927 -1.801072 57.88 103.53 161.3 0.4991 166.2 0.99 – 48, 261, 294
100 207.554169 -1.753769 52.07 70.92 69.6 0.3918 95.6 1.01 – 168
103 207.330521 -2.350303 44.85 44.88 123.2 0.2893 38.5 0.62 – 241
104 207.072906 -1.796483 27.39 56.46 92.9 0.2535 38.4 0.85 – 41, 360
106 207.788742 -1.878017 104.28 136.30 73.8 0.7687 311.4 0.88 – 59, 205
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Table A2 – continued
# l b Axis 1 Axis 2 Orient. angle Size Mass σ 12CO ass. Dust ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙] [km s−1]
109 206.884689 -1.796822 28.75 53.76 122.8 0.2535 66.3 1.45 23 148
111 207.572250 -1.711033 103.15 43.55 159.0 0.4322 67.8 0.62 – 8
114 207.266602 -1.772617 33.14 51.60 80.3 0.2666 33.1 0.79 – 346
116 207.311188 -2.183314 23.50 61.47 94.8 0.2451 16.9 0.42 4 166
118 207.232056 -1.610922 35.40 60.12 122.0 0.2975 58.8 0.92 190 –
122 207.020020 -1.841539 45.00 76.75 115.8 0.3789 89.0 0.89 – 11, 89
124 206.922455 -1.882825 27.41 35.62 122.8 0.2014 18.9 0.69 37 257
126 207.231674 -1.746394 62.60 37.58 173.2 0.3127 52.7 0.84 – 260
127 207.433212 -1.983422 34.11 24.90 179.7 0.1879 11.9 0.45 – 66
129 207.083786 -1.851375 72.79 46.01 6.2 0.3732 65.6 0.72 – 19
134 207.366562 -1.783275 74.09 39.19 157.3 0.3475 67.2 0.94 – 306
140 206.931046 -1.628206 33.37 62.96 58.4 0.2955 71.4 1.09 – 33
143 207.399872 -1.378078 48.45 121.76 131.3 0.4953 126.0 0.80 – 133
148 207.327835 -1.905264 28.33 30.20 20.3 0.1886 14.0 0.54 210 108
149 207.193726 -1.922300 23.51 63.96 28.2 0.2500 26.8 0.60 79 –
150 207.891022 -1.810161 111.83 47.21 171.7 0.4685 60.0 0.45 – 273
152 207.243652 -1.566853 26.01 53.79 119.0 0.2412 38.0 0.91 – 77
154 207.145691 -2.245997 25.68 59.11 139.2 0.2512 17.0 0.39 160 –
156 207.332291 -2.166375 23.71 31.35 68.0 0.1758 11.8 0.59 4 –
158 207.645599 -1.899469 56.06 55.99 132.7 0.3613 40.7 0.56 – 130
165 207.762634 -1.927164 74.98 88.25 71.3 0.5245 108.4 0.71 – 42, 97
175 207.170944 -1.798603 46.96 85.99 126.6 0.4097 66.3 0.70 – 134
179 206.901352 -1.911522 39.46 28.30 39.6 0.2155 24.5 0.82 16 –
182 206.989166 -1.772997 36.02 28.11 169.0 0.2052 19.8 0.77 7 –
189 207.681931 -1.643536 34.10 52.33 67.3 0.2724 20.0 0.45 – 124
202 207.339600 -2.567433 45.69 76.82 64.3 0.3820 62.2 0.69 – 120
203 207.388718 -1.194906 212.27 45.99 38.8 0.6371 189.6 0.73 – 28
216 207.482956 -1.700631 38.51 45.15 83.3 0.2689 18.6 0.43 – 259
223 207.294281 -1.751072 23.79 56.71 94.4 0.2368 18.1 0.53 – 265
248 207.376724 -2.361628 34.79 38.45 105.8 0.2358 24.2 0.75 – 207
251 207.455704 -1.967514 36.34 23.74 31.7 0.1894 10.9 0.53 64 293
258 207.668015 -1.555822 30.50 97.12 91.2 0.3509 49.3 0.69 262 69
262 206.883255 -1.889175 26.83 44.40 119.3 0.2225 21.6 0.78 – 74
270 207.211227 -1.640056 31.82 23.74 165.6 0.1772 21.6 1.13 143 –
275 207.321793 -2.293533 29.75 61.60 140.5 0.2761 15.5 0.35 – 201
302 206.871368 -1.844628 23.69 44.76 73.5 0.2100 14.8 0.60 63 –
309 207.154953 -1.910250 24.03 43.51 37.9 0.2085 19.9 0.83 128 –
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Figure A3. Comparison of the velocity dispersion measured in
12CO and 13CO for associated clumps. The left plot compares the
directly measured line widths, the right plot shows the dispersions
after the optical depth correction.
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Table A3. List of all associated dust clumps.
# l b Axis 1 Axis 2 Orient. angle Size Mass 12CO ass. 13CO ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙]
1 207.263519 -1.812227 22.850 20.799 141.7 0.1405 267.7 91 19
4 207.316498 -2.152799 41.092 50.378 87.0 0.2933 266.4 4, 173 62
6 207.281265 -1.803322 21.302 39.748 123.1 0.1876 99.0 91 –
7 207.274597 -1.824577 25.311 26.595 74.0 0.1672 60.7 91 19
8 207.573730 -1.715249 36.033 35.096 110.0 0.2293 110.6 – 111
9 207.178574 -1.790581 20.194 20.500 107.4 0.1312 44.3 – 52, 175
10 207.003250 -1.809448 25.858 34.192 142.0 0.1917 69.4 1 1
11 207.019287 -1.834404 31.519 44.440 104.1 0.2413 114.2 1 122
12 207.595551 -1.762271 17.131 15.834 79.1 0.1062 26.8 – 47
14 207.112213 -1.874567 22.331 45.132 107.9 0.2047 67.2 18 –
15 207.147217 -1.880469 37.977 57.559 135.2 0.3014 135.8 66 37
19 207.080032 -1.853194 15.625 41.104 127.5 0.1634 44.6 – 49, 129
20 206.864578 -1.877663 26.845 18.099 106.5 0.1421 31.1 – 21
21 207.313156 -2.535746 18.197 31.104 97.6 0.1534 32.5 – 69
22 207.066986 -1.820135 39.235 16.165 105.2 0.1623 41.0 – 28
23 207.292053 -1.833485 28.179 30.402 76.2 0.1887 41.1 – 34
24 207.325989 -1.841186 35.372 41.370 79.3 0.2466 63.1 – 81
25 207.539764 -1.722399 20.807 23.450 138.2 0.1424 26.4 – 8
26 207.299988 -2.153447 10.363 14.769 142.4 0.0797 11.7 4, 74 62
28 207.387711 -1.200810 22.416 55.657 126.6 0.2277 56.9 – 203
29 207.820404 -1.869027 73.438 19.956 118.3 0.2468 67.5 – 87
33 206.923126 -1.625726 31.335 19.515 98.0 0.1594 28.1 – 140
34 207.038132 -1.823000 64.027 37.042 92.7 0.3140 78.9 1 18
38 207.403854 -1.945135 28.939 61.887 110.7 0.2728 62.1 12 –
39 206.980835 -1.792985 36.982 22.868 112.6 0.1875 31.2 7 3
40 207.299042 -2.089805 30.359 37.810 99.9 0.2184 44.3 – 15
41 207.068726 -1.791201 33.395 47.371 106.5 0.2564 58.3 125 104
42 207.755325 -1.936775 51.862 89.527 97.4 0.4393 140.5 – 165
43 207.292389 -2.188894 24.373 47.070 110.0 0.2184 47.0 – 30
44 207.322525 -2.136961 18.761 17.809 61.7 0.1178 14.8 4 –
45 207.123840 -1.894273 17.088 33.440 118.5 0.1541 23.1 18 –
46 207.213791 -1.837247 20.588 20.484 162.0 0.1324 16.4 – 50
47 207.153214 -1.834679 31.781 55.356 135.8 0.2704 55.0 – 48
48 207.308899 -1.805477 34.360 34.609 70.6 0.2223 40.4 – 99
49 207.693375 -1.925644 27.323 57.313 123.8 0.2551 50.2 – 94
51 207.172455 -1.884521 51.425 42.474 90.1 0.3013 65.4 – 37
52 207.020584 -1.792733 41.801 40.818 81.1 0.2663 57.7 1 –
56 206.945175 -1.817623 20.365 21.518 76.4 0.1349 11.2 2 5
57 206.945007 -1.586929 73.244 38.464 96.5 0.3422 69.8 22 –
59 207.786240 -1.859325 52.540 34.661 117.2 0.2751 51.2 – 106
60 206.988373 -1.821593 23.290 21.273 86.1 0.1435 14.9 33 20
61 207.227844 -1.624462 73.422 35.722 117.7 0.3302 72.2 143 –
63 206.933914 -1.648822 33.063 30.730 78.7 0.2055 27.6 10 –
64 207.245499 -1.808280 51.262 24.315 97.6 0.2276 33.0 – 19
65 207.075958 -1.866452 17.369 49.979 129.9 0.1899 23.6 102 49
66 207.431564 -1.985184 95.524 76.469 151.7 0.5511 138.4 107 127
67 207.308060 -1.876241 40.374 36.242 169.4 0.2466 35.5 – 44
69 207.676498 -1.556596 34.953 30.320 86.9 0.2099 27.5 262 46, 258
71 206.790985 -1.782508 35.753 58.944 106.2 0.2960 52.8 26 –
74 206.878906 -1.892263 35.983 30.359 147.9 0.2131 27.2 – 262
77 207.239197 -1.577599 65.649 33.044 130.9 0.3003 50.4 – 152
78 206.924118 -1.812391 48.701 37.169 3.5 0.2743 40.4 2 –
80 206.957672 -1.794173 45.861 27.254 126.4 0.2279 29.8 2 –
84 207.366516 -1.951482 44.769 85.544 126.0 0.3990 87.4 – 72
89 207.027054 -1.849236 14.666 20.791 134.8 0.1126 8.2 60 122
92 207.430634 -1.951102 18.764 16.838 153.5 0.1146 7.6 34 9
95 207.835007 -1.837569 26.368 49.742 127.3 0.2335 29.8 – 87
97 207.774399 -1.914737 57.055 41.598 89.2 0.3141 43.9 – 165
98 207.109055 -1.810394 34.920 27.630 173.2 0.2002 21.5 – 65
101 207.304947 -1.823945 18.227 28.587 90.6 0.1471 12.5 – 34
104 207.786575 -1.771225 66.501 44.612 92.0 0.3512 52.0 – 54
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Table A3 – continued
# l b Axis 1 Axis 2 Orient. angle Size Mass 12CO ass. 13CO ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙]
107 206.906769 -1.794024 35.791 19.090 121.8 0.1685 14.6 23 25
108 207.329880 -1.902573 40.578 62.026 95.5 0.3234 45.3 – 148
109 207.317841 -1.849597 13.726 39.271 129.8 0.1497 12.0 – 81
111 207.274780 -2.146296 54.046 48.001 148.7 0.3284 52.8 – 7
117 207.333359 -2.171435 33.985 27.641 113.9 0.1976 20.0 4 2
120 207.339050 -2.569749 50.174 44.283 103.8 0.3039 40.6 – 202
124 207.688248 -1.648921 17.702 23.262 140.1 0.1308 9.2 – 189
128 207.292252 -2.540013 42.094 41.456 162.6 0.2693 29.5 – 69
130 207.655762 -1.907992 27.191 38.539 99.2 0.2087 18.7 – 158
131 206.931473 -1.609767 21.948 25.764 155.5 0.1533 9.2 22 85
133 207.401382 -1.383992 62.297 36.012 117.1 0.3054 37.9 – 143
134 207.165543 -1.806305 29.583 44.250 98.6 0.2332 22.5 – 175
137 207.550400 -1.708699 17.785 20.706 168.7 0.1237 6.8 – 8
139 207.588120 -1.730466 29.901 20.575 138.7 0.1599 11.0 – 93
148 206.881012 -1.801407 45.481 22.142 120.8 0.2046 17.0 23 109
149 207.083038 -1.882143 16.431 34.357 117.0 0.1532 12.1 102 49
153 206.857147 -1.738360 98.238 56.385 138.7 0.4799 70.8 158 –
160 207.299332 -1.841808 10.883 12.767 87.6 0.0760 4.0 – 34
163 207.114883 -1.860419 14.523 21.385 1.7 0.1136 7.9 18 –
166 207.314865 -2.181952 21.313 30.151 137.9 0.1634 12.0 4 116
168 207.549973 -1.738834 36.370 27.033 137.5 0.2021 13.9 – 100
169 206.940979 -1.558514 12.349 15.210 127.0 0.0883 4.3 221 45
171 207.356705 -1.850779 15.648 40.200 116.2 0.1617 10.8 – 91
177 206.973099 -1.815511 18.204 20.166 84.9 0.1235 5.7 2 –
180 207.363998 -1.916371 32.295 31.268 69.6 0.2049 13.8 – 96
183 207.192856 -1.782771 31.377 17.568 92.0 0.1513 7.5 – 52
187 206.929871 -1.855065 30.898 28.633 85.4 0.1917 12.5 8 –
194 207.164444 -1.856172 17.636 8.477 110.9 0.0788 3.7 – 59
195 207.836929 -1.851832 16.045 23.894 83.5 0.1262 4.4 – 87
198 207.270752 -2.433175 38.737 29.128 151.7 0.2165 9.9 – 51
201 207.327957 -2.293849 26.639 34.908 99.4 0.1966 11.9 200 98, 275
205 207.790039 -1.894972 47.352 41.698 167.4 0.2865 20.7 – 106
207 207.376190 -2.363848 16.868 31.244 114.7 0.1480 7.2 – 248
208 207.273651 -1.873285 16.118 31.808 112.0 0.1460 7.9 – 79
211 207.132492 -1.841401 15.694 12.398 136.1 0.0899 5.3 – 6
219 206.902893 -1.671969 41.576 69.605 122.9 0.3468 34.7 218 –
222 206.899124 -1.780821 25.062 17.500 137.2 0.1350 6.3 – 25
224 206.945557 -1.662166 28.658 18.967 135.2 0.1503 7.0 10 –
236 206.842758 -1.805897 19.914 21.283 110.3 0.1327 5.6 119 –
239 206.943497 -1.796287 11.929 15.309 88.9 0.0871 2.7 2 –
241 207.338394 -2.346179 37.713 32.027 151.1 0.2240 13.2 200 103
242 207.259857 -1.794912 39.910 5.616 118.8 0.0965 5.8 – 19
243 207.343353 -1.952700 18.851 20.779 157.1 0.1276 4.9 – 71
249 206.788879 -1.764879 31.999 44.055 82.5 0.2421 10.7 26, 227 –
251 207.115112 -1.642861 22.701 24.356 166.6 0.1516 6.9 152 57
257 206.921402 -1.878695 42.927 20.147 104.9 0.1896 9.9 37 124
259 207.476700 -1.695197 29.006 24.083 131.9 0.1704 8.6 – 216
260 207.238800 -1.748492 23.584 22.739 155.5 0.1493 6.9 – 126
261 207.288773 -1.800261 13.921 27.102 90.8 0.1252 4.9 – 99
265 207.293915 -1.754439 67.400 30.956 109.9 0.2945 25.7 – 223
271 207.067841 -1.845766 13.249 9.539 139.7 0.0724 3.8 103 –
273 207.915878 -1.804306 21.767 32.740 51.9 0.1721 7.6 – 150
281 207.106552 -1.873314 12.193 14.163 170.8 0.0847 3.8 42 –
282 207.020798 -1.817548 15.157 11.241 83.5 0.0841 2.9 1 1
286 206.995224 -1.783564 26.814 21.207 82.3 0.1537 5.7 7, 81 3
292 207.155762 -1.817985 14.252 14.853 73.4 0.0938 2.9 – 48
293 207.457932 -1.966992 18.410 34.791 46.2 0.1631 6.3 64 251
294 207.313507 -1.796444 9.083 8.367 66.6 0.0562 1.8 – 99
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Table A3 – continued
# l b Axis 1 Axis 2 Orient. angle Size Mass 12CO ass. 13CO ass.
[deg] [deg] [′′] [′′] [deg] [pc] [ M⊙]
305 207.000534 -1.932781 22.117 22.148 71.2 0.1427 5.9 194 –
306 207.373520 -1.771336 24.079 24.061 161.5 0.1552 5.9 – 134
318 207.821960 -1.855166 7.031 26.967 106.3 0.0887 3.0 – 87
319 207.139359 -1.871427 44.644 13.757 106.2 0.1598 8.1 – 11
328 206.912903 -1.851761 40.046 11.939 110.5 0.1409 5.4 57 –
336 207.214905 -1.859819 24.036 25.808 77.7 0.1606 6.1 – 92
337 207.297348 -2.131625 13.907 14.396 170.2 0.0912 3.4 308 35
338 207.126709 -1.613373 19.227 21.244 113.5 0.1303 4.6 376 –
346 207.263123 -1.774051 13.282 40.227 119.8 0.1490 6.6 – 114
358 207.184021 -1.774454 100.202 88.068 67.8 0.6057 19.3 – 52
359 207.143311 -1.805941 25.185 22.923 176.9 0.1549 6.3 – 48
360 207.071030 -1.800395 12.081 26.400 1.9 0.1151 2.7 – 28, 104
364 207.289032 -1.832601 8.868 13.079 18.5 0.0694 2.1 – 34
366 207.270325 -1.839894 15.744 26.471 105.5 0.1316 5.2 – 79
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